Journal of Physiology (1995), 485.1, pp. 1-20 Dendritic calcium transients evoked by single back-propagating action potentials in rat neocortical pyramidal neurons and CdCl2 (Sigma; 500 FM) were used to block Ca2+ channels.
1. Dendrites of rat neocortical layer V pyramidal neurons were loaded with the Ca2+ indicator dye Calcium Green-1 (CG-1) or fluo-3, and the mechanisms which govern action potential (AP)-evoked transient changes in dendritic cytosolic Ca2+ concentration ([Ca2+] 1) were examined. APs were initiated either by synaptic stimulation or by depolarizing the soma or dendrite by current injection, and changes in fluorescence of the indicator dye were measured in the proximal 170 ,um of the apical dendrite. Ca2+ channels and through Ca2+ channels (R-type) not sensitive to L-, N-and P-type Ca21 channel blockers (cadmium ion sensitive; 37 %). 4 . The decay time course of the dendritic fluorescence transient was prolonged by the blockers of endoplasmic reticulum (ER) Ca2+-ATPase, cyclopiazonic acid and thapsigargin, suggesting that uptake of Ca2+ into the ER in dendrites governs clearance of dendritic Ca2+ 5. The decay time course of the fluorescence transient was slightly prolonged by benzamil, a blocker of plasma membrane Na+-Ca2+ exchange and by calmidazolium, a blocker of the calmodulin-dependent plasma membrane Ca2+-ATPase, suggesting that these pathways are less important for dendritic Ca2+ clearance following a single AP. Neither the mitochondrial uncoupler carbonyl cyanide p-(trifluoromethoxy)phenylhydrazone (FCCP) nor the blocker of Ca2+ uptake into mitochondria, Ruthenium Red, had any measurable effect on the decay time course of the fluorescence transient. 6 . Dendritic fluorescence transients measured during trains of dendritic APs began to summate at impulse frequencies of 5 APs s-'. At higher frequencies APs caused a concerted and maintained elevation of dendritic fluorescence during the train.
7. It is suggested that dendritic [Ca2+] i transients evoked by back-propagating APs represent a retrograde signal sent to dendrites which may alter both the receptive and the integrative properties of the dendritic compartment depending on the impulse activity of the neuron.
Understanding the mechanism of synaptic integration is of neocortical pyramidal neurons are integrated as they a prerequisite for understanding the function of different spread towards the soma and may evoke APs in the initial classes of neurons in information processing and encoding. axon segment if a threshold depolarization is reached. The Postsynaptic potentials from synapses in distal dendrites manner in which synaptic input is integrated by the dendritic tree is dependent on the passive cable properties of the neuron (see Spruston, Jaffe & Johnston, 1994) . Opening and/or closing of ion channels in the dendritic membrane introduces non-linear effects on the integrative process (see Spruston et al. 1994 ). In particular, the opening of VACCs may exert a profound effect on synaptic integration. In the short term dendritic Ca2+ inflow may amplify depolarizing potentials (Deisz, Fortin & Zieglgiinsberger, 1991; Markram & Sakmann, 1994) . Intracellular Ca2+ may also interact with ion channels, neurotransmitter receptors and intracellular biochemical pathways to exert long-lasting effects on many cellular responses which are coupled to neuronal electrical activity (see Henzi & MacDermott, 1992 ).
An increase in dendritic [Ca2+] i via VACCs has been shown in Purkinje neurons of the cerebellum (Ross & Werman, 1987) , pyramidal neurons of the hippocampal CAl region (Regehr, Connor & Tank, 1989) , neurons of deep cerebellar nuclei (Muri & Knopfel, 1994) and neocortical neurons (Markram & Sakmann, 1994) . In hippocampal neurons, the elevation of proximal dendritic [Ca2+] i has been shown to occur during APs evoked and recorded from the soma and depends on the presence of Na+ channels on dendrites (Jaffe, Johnston, Lasser-Ross, Lisman, . This suggested that APs may propagate back into dendrites to trigger Ca2+ entry. Recently, using two-pipette recording from the same neuron, back-propagation of APs from the axon initial segment into dendrites of layer V pyramidal neurons of the neocortex was demonstrated (Stuart & Sakmann, 1994) . Furthermore, back-propagation, as opposed to propagation from dendrites towards the soma, is the most probable direction of AP propagation under physiological conditions (Stuart & Sakmann, 1994 
METHODS
Electrophysiology Methods similar to those described previously were used (Stuart, Dodt & Sakmann, 1993 Action potentials evoked by synaptic stimulation in neocortical layer V pyramidal neurons are initiated in the axon initial segment and then back-propagate into dendrites (Stuart & Sakmann, 1994) . As the AP invades the apical dendrite, at least as far as 500 um from the duration increases (-20% per 100 Fm) (Stuart & Sakmann, 1994 (Stuart & Sakmann, 1994) . Following an AP, the dendritic fluorescence increased transiently to a peak and then decayed to baseline in a manner temporally correlated with the AP (Fig. 1B) . For the rest of the study fluorescence transients along proximal dendritic regions were averaged (see Methods).
[Ca2"I transient generated by APs measured when a back-propagating AP was evoked by current injection through the dendritic pipette (n = 135). The peak of the single AP-evoked AF transient ranged from 8 to 20% AF (mean, 13% AF; n=50) in CG-1-loaded neurons and from 36 to 69% AF (mean, 52% AF; n = 9) in fluo-3-loaded neurons. In two-pipette recordings from the same neuron, current injection into the dendrite evoked the AP first near the somatic pipette and then at the dendritic pipette (n = 9), suggesting that back-propagation also occurred following current injection into the dendrite (see also Stuart & Sakmann, 1994 (Fig. 4A) , the Qlo of the decay time constant being 2-6-3-1 (mean 2-8; (kf, Qlo = 1P65; Kd, Qlo = 0 92) (Eberhard & Erne, 1991) .
In neurons where the temperature was decreased from 34 to 24°C (n = 6) the measured peak of the AF transient increased by about 10% (Fig. 4A) were removed instantaneously) since another indicator dye, fluo-3, which has a larger off-rate than CG-1, did not (Zhang et al. 1993) . The recently reported Q-and R-type channels may also have been affected at the concentration of wagatoxin IVA and w-conotoxin GVIA used, respectively (Zhang et al. 1993) . Cadmium ions (500 uM) applied in four of these experiments blocked the remaining AF transient. Figure 6B illustrates the decrease in amplitude of the AF transient during successive applications of these blockers in one experiment.
The L-, N-and P-type Ca21 channel blockers did not have a significant effect on FbaSSl while Cd2+ reversibly reduced it by 10-30% (P < 0 05; paired t test). Neither the resting Vm nor the time course of the dendritic AP were significantly affected by the blockers (Fig. 6C) . The L-, Nand P-type Ca2+ channel blockers had no consistent effect on AP frequency accommodation individually but when applied together, accommodation was reduced. Cadmium ions caused a clear reduction in accommodation in all experiments.
We determined the contribution of different Ca2+ channel subtypes by subtracting the AF transient recorded after a given application of a blocker from the AF transient recorded before and averaging the differences between these AF transients (Fig. 7) . The N-component (that Fig. 7D ; P < 0 05). The decay time constants of the averaged N-and P-type channel components were almost 2-fold larger than those mediated by L-and R-type channels ( Fig. 7A and D thapsigargin. The effect of these compounds may therefore be underestimated. The peak of the AF transient was reduced 20-50 % by thapsigargin and was increased 10-20% by CPA (not shown). One possible explanation for the effects on the peak may be that CPA enabled the A&F transient to reach higher levels by blocking the fastest clearance mechanism and that this effect could not be seen with thapsigargin because of a non-specific effect on VACCs.
To confirm that dendritic Ca2+-ATPase was important for Ca2+ clearance, thapsigargin was applied locally to the dendrite and the effect on the AF transient examined ( Fig. 9Ca-d) . The control response on both sides of the recording pipette are shown in Fig. 9Cc and Fig. 9Cd . An application pipette containing thapsigargin (5/#M) was then lowered to position 2 (Fig. 9Ca) and thapsigargin was applied locally to the dendrite under visual control. An AP was initiated within 1-2 min of application. The resulting AF transient at positions 1 and 2 are shown in Fig. 9Cc and Cd, respectively. The decay of the AF transient was prolonged only in the region where thapsigargin was applied (position 2). Fb., was raised by 17 % in position 2. When the AF transient was examined further from the application pipette, the decay rate was found to be progressively faster (not shown). After about 5 min of local thapsigargin application, the decay of the AF transient at position 1 was also prolonged. The impulse rate in response to current injection, examined at 37°C (Fig. 1OA and B) , showed a linear increase with a slope of about 60 APs s' nA' in three experiments (Fig. lOC) . Higher impulse rates could not be measured, since current injection above 800 pA resulted in a transient burst of five to ten APs followed by rapid accommodation. A reasonable estimate of maximal impulse rates for these neurons therefore seems to be around 30 APs s-. The effect of driving layer V pyramidal neurons synaptically at different frequencies on the change in dendritic fluorescence is shown in Fig. 11 . Single AP-evoked AF transients began to overlap at 5 APs s-' (Fig. 1 A) (Sayer, Schwindt & Crill, 1990) . Immunohistological experiments have localized L-type (Ahlijanian, Westenbroek & Catterall, 1990) , N-type (Westenbroek, Hell, Warner, Dubel, Snutch & Catterall, 1992) and P-type (Hillman, Chen, Aung, Cherksey, Sugimori & Llinas, 1991) Ca2+ channel immunoreactivity in cortical neurons and it has been suggested that L-type channels are located predominantly in the soma and proximal dendrites while N-type channels are located mostly in distal dendrites (Ahlijanian et al. 1990 (Markram & Sakmann, 1994) . The R-component is probably not mediated by T-like Ca2+ channels, which are expected to be inactivated at the resting membrane potentials above -70 mV (Sayer et al. 1990 ). that of the HVA channels since these channels may also be activated from lower membrane potentials (around -50 mV) during subthreshold EPSPs (Markram & Sakmann, 1994) and following strong hyperpolarization (Sayer et at. 1990; Deisz et at. 1991 (Neering & McBurney, 1984) and sympathetic (Lipscombe, Madison, Poenie, Reuter, Tsien & Tsien, 1988) and cerebellar neurons (Brorson, Bleakman, Gibbons, Miller, 1991) . Furthermore, anatomical and immunohistological studies have localized both smooth ER and Ca2+-ATPase in dendrites of neurons (see Villa et al. 1992 ) and ER and Ca2+-ATPase are located in all cortical layers (see Miller, Verma, Snyder & Ross, 1991) . Dendrites of cerebellar Purkinje cells are particularly rich in ER Ca2+-ATPase (see Villa et at. 1992) and in this context it is interesting that the decay time constant at 32-34 'C of Arsenazo III-measured AF transients in these neurons is also very fast (less than 50 ms; Miyakawa, Lev-Ram, Lasser-Ross & Ross, 1992 Neuronal impulse rates in the unstimulated somatosensory and visual cortical areas of the rat vary between 0 and 10 APs s-' and during sensory stimulation increase to peak around 20-50 APs s-' (Burne, Parnavelas & Lin, 1984; Simons, Carvell, Hershey & Bryant, 1992 
